Hexagonal boron nitride sheets have been noted especially for their enhanced properties as substrates for sp 2 carbon-based nanodevices. To evaluate whether such enhanced properties would remain under various realistic conditions, we investigate the structural and electronic properties of semiconducting carbon nanotubes on perfect and defective hexagonal boron nitride sheets under an external electric field as well as with a metal impurity, using density functional theory. We verify that the use of a perfect hexagonal boron nitride sheet as a substrate indeed improves the device performances of carbon nanotubes, compared with the use of conventional substrates such as SiO2. We further show that the hexagonal boron nitride even with some defects can perform better performance as a substrate. Our calculations, on the other hand, also suggest that some defective boron nitride layers with a monovacancy and a nickel impurity could bring about poor device behaviors since the imperfections impair electrical conductivity due to residual scattering under an applied electric field.
I. INTRODUCTION
The search for substrates to improve the performance of nanoelectronic devices has been an important research topic. Thus far, metals, 1,2 mica, 3 , SiC 4,5 or SiO 2 [6] [7] [8] [9] [10] have been used as substrates. For carbon-based devices, SiO 2 has been most commonly used as a substrate. Although the use of SiO 2 provides many advantages, its primary drawback is to reduce the electronic mobility due to charge density fluctuations induced by the impurities presented in devices.
11,12
Recently, hexagonal boron nitrides (hBN) began to take center stage as a better substrate for graphene-based nanodevices than conventional substrates, such as SiO 2 . It has been demonstrated that graphene on the hBN substrate exhibits increased mobility, 13, 14 significant improvements in quantum Hall measurements, 14 and enhancement of graphene nanodevice reliability. 15 It has also been shown that carbon nanotubes (CNTs) based devices on hBN substrates exhibit better device characteristics than on conventional substrates, 16 similarly as graphene-based devices. According to studies based on scanning tunneling microscopy measurements, hBN provides an extremely flat surface with significantly less electron-hole puddles than SiO 2 . 17, 18 In addition to the advantages of providing an atomically smooth surface (relatively free of dangling bonds and charge traps), a large band gap of > ∼ 5 eV, 19 chemical inertness, and a low density of charged impurities, hBN sheets also exhibit an unusual electronic structure that is not observed in most wide band gap materials.
It used to be difficult to fabricate perfect hBN sheets, particularly with a large area, but recently, large-area hBN sheets have been grown by using chemical vapor deposition (CVD). [20] [21] [22] [23] [24] [25] [26] [27] [28] A recent intriguing experiment showed that a direct CVD growth of single-layer graphene on a CVD-grown hBN film exhibits better electronic properties than that of graphene transferred on the hBN film. 29 Thanks to this method, one need not worry about the polymer residues remaining on transferred graphene any longer. However, there still remain two concerns that CVD-grown hBN sheets may possess intrinsic defects, such as vacancies, 30, 31 and carbon nanotubes (CNTs) may contain metal impurities used as catalysts during their growth, [32] [33] [34] [35] [36] which were further explored to confirm the usefulness of hBN substrates.
In this paper, we report a first-principles study of the structural and electronic properties of a semiconducting CNT on defective hBN sheets in the presence of an external electric field (E-field), as well as on a perfect hBN sheet for comparison. For a CNT on a perfect hBN, the E-field shifts the electronic states from the hBN relatively to those from the CNT or to the Fermi level, but the hBN states are still far from E F , and the CNT states are not altered by the E-field considered. Thereby the perfect hBN may lead to improvement in device performance, compared with conventional substrate materials such as SiO 2 , as confirmed by experiments. [13] [14] [15] 17, 18, 29 For a CNT on a defective hBN, on the other hand, our study shows that the electronic states originating from the hBN substrate are shifted to near E F due to a nickel impurity, which was selected as an exemplary catalyst for CNT growth, and a vacancy in the hBN sheet. Such shifted states and the in-gap states from defects could result in electronic scattering near the Fermi level (E F ) or unwanted electrical conduction (leakage current) through the hBN substrate, causing some critical problems in the CNT devices.
II. COMPUTATIONAL DETAILS
We carried out first-principles calculations using the Vienna ab initio simulation package (VASP).
37 Projec- tor augmented wave potentials were employed to describe the valence electrons. 38 The exchange-correlation functional was treated within the spin-polarized local density approximation (LDA) in the form of Ceperley-Alder parametrization. 39 The cutoff energy for the plane wave basis was chosen to be 450 eV, and the atomic relaxation was continued until the Hellmann-Feynman force acting on every atom became lower than 0.03 eV/Å. For more precise calculations, we included the dipole correction.
We first found the equilibrium structure of the hBN sheet with the primitive unit cell, where the B-N bond length d BN was calculated to be 1.44Å corresponding to the lattice constant of 2.50Å, which is in excellent agreement with the experimental values of 2.49 ∼ 2.52Å.
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To arrange a (10, 0) CNT on the pristine hBN sheet, we prepared an orthorhombic supercell with three side lengths of a = 4.32Å (= 3d BN ), b = 17.5Å, and c = 25.0Å, including the rectangular hBN with two sides of a and b and the zigzag CNT placed on the hBN sheet along the a direction. To compensate the discrepancy of their "native" lattice constants along the CNT axial direction, the CNT was elongated by ∼5 %. The other side lengths, b and c, were selected large enough to avoid the intertube interaction from the neighboring cells, and to contain a vacuum region of ∼14.4Å between the top of the CNT and the bottom of the hBN located in the next cell above. For the systems with various vacancies on hBN and/or a Ni impurity, we increased a by a factor of four to be 17.28Å to ignore the interaction from those defects located in neighboring cells. The Brillouin zone was sampled using a Γ-centered 10×1×1 (5×1×1) k-point mesh for the system with a smaller (larger) a value. The electronic levels were convoluted using Gaussian broadening with all width of 0.05 eV to obtain the DOS.
III. RESULTS AND DISCUSSION
First, we found the equilibrium stacking configuration of a (10, 0) CNT adsorbed on a perfect hBN substrate. Fig. 1(a-c) show three highly-symmetric stacking configurations of the CNT adsorbed onto the hBN sheet similarly in graphite stacking configurations. In AA, some of C 6 hexagonal rings in CNT are placed to match exactly on the top of B 3 N 3 hexagonal rings in hBN. On the other hand, there are two possibilities in AB configuration dissimilar from AB graphite: in AB-B, the hollow sites of the CNT are located at the top of B atoms, while they are at the top of N atoms in AB-N. Our calculations reveal that the most energetically favorable configuration is AB-N stacking, which was also observed as the most stable stacking configuration for graphene on hBN.
41 With respect to the most stable AB-N stacking configuration, AB-B and AA have 61 and 73 meV higher energies, respectively. Therefore, we considered only AB-N stacking configuration for further investigations. Its projected density of states (PDOS) were calculated to study the effects of an external E-field and a Ni impurity on the electronic structure. The latter was considered since nanoparticulate nickel is often used as a catalyst to synthesize CNTs, and thus the system may contain nickel impurity atoms, 42 unless Ni nanoparticles have been completely removed from the CNT surface or substrate after the growth. Fig. 2 (a) shows the PDOS of the pristine AB-N configuration in the absence and the presence of an external E-field. As observed in the middle graph, the conduction band minimum (CBM) and the valence band maximum (VBM) of the hBN, which are respectively located ∼2.7 eV above and ∼1.5 eV below E F in the absence of the E-field, are quite far from the CBM and the VBM of the CNT, respectively. As shown in the top (bottom) graph, the external E-field applied along the +z (−z) direction shifts the hBN energy bands down (up) noticeably toward the lower (higher) energy relative to those of the CNT due to lower (higher) electrostatic potential in the hBN side. Up to the field strength of 0.2 V/Å, however, the CBM and VBM of the hBN are located at least 2 eV above and 1 eV below E F , respectively. Therefore, we conclude that none of the hBN states affect the electronic conduction, regardless of the external E-field, and thus the conduction may occur only through the CNT.
Our results confirm the experimental observations 13, 14, 17, 18 of hBN sheets being much better substrates than conventional ones, such as SiO 2 , for CNT or graphene 43 based single-gated field effect transistors (FETs). In a single-gated FET, an applied gate bias generates an E-field between the gate and the channel moving either the VBM or CBM of the hBN close to the counterpart of the CNT, but the energy spacing between them is still kept large, as shown in Fig. 2(a) . In a dualgated FET, however, one gate can be used to control the relative position of the VBM or the CBM of the hBN, while the other to adjust the chemical potential of the CNT channel. This could cause an unexpected output of conduction through not only the CNT channel, but also the hBN substrate. Fig. 2(b) shows the PDOS of the Ni-doped AB-N configuration in the absence and the presence of an E-field. Similar to the pristine case, the applied E-field shifts the hBN states up or down by the field directions while remaining them still far from E F . Just below E F , however, are there some strongly localized peaks originating from the Ni 3d orbitals, which show no practical change under the applied E-field. In addition, we observed small "satellite" states from the hBN induced by the Ni states and a little modification in the CNT states just below E F . Our Bader charge analysis showed that 0.26 e and 0.07 e have been transferred from the Ni adatom to the CNT and to the hBN, respectively. We also calculated the local charge density corresponding to the localized peaks from the Ni 3d. As displayed in Fig. 2(c) , it exhibits a charge overlap between the CNT and the hBN through the Ni impurity indicating that the Ni adatom mediates a coupling between the CNT and the hBN sheet. This implies that the nickel atom may play a crucial role as a scattering center when the Fermi level is shifted into this energy window via other doping or by applying a gate E-field.
Local potential (LP) was also calculated for the Nidoped CNT-on-hBN system, as well as the undoped system. Fig. 2(d) shows the calculated LP averaged over a plane parallel to hBN sheet as a function of the distance normal to the slab. We found that the LP values of the undoped system in the region between the CNT and the hBN appear to be almost the same as those in the vacuum region as represented by a dashed line, indicating that the interaction between the CNT and the hBN sheet may not influence the LP values in between. We can, therefore, conclude that the presence of hBN sheet does not alter the fundamental response of CNT when no metal impurity is present. For the Ni-doped system, in contrast, its LP values, plotted with a solid line, appear to be ∼5.5 eV lower, compared with those of the Ni-free system with respect to their vacuum values. Next, we explored the effects of vacancies existing in the hBN sheet. It was reported that vacancies can be formed during the growth of hBN sheets by the CVD methods. 31 We considered two types of monovacancies: a boron vacancy denoted as V B and nitrogen vacancy as V N ; and a kind of multivacancy composed of three boron and one nitrogen empty sites (V B3N ), which is one of the two smallest triangular multivacancies. 30 The other triangular multivacancy consisting of one missing B atom and three missing N atoms (V BN3 ) was not taken into account because experimental observations showed that more boron atoms are missing than nitrogen atoms and most of the edge-terminating atoms around the vacancies are doubly-coordinated nitrogen atoms. 30 It was found that the CNT prefers to be placed just above V B and V N rather than on the perfect hBN region with the energy differences of 0.10 eV and 0.13 eV, respectively. On the other hand, the CNT does not prefer V B3N to a defectfree hBN region, since the V B3N defect does not possess broken bonds after the edge reconstruction. To investigate the vacancy effects on the electronic structures, we only considered the configurations in which the CNT is placed on the defect site. Fig. 3 shows the optimized structures in top and bottom views of the CNTs on the hBN sheet with V B , V N , and V B3N defects. Their corresponding spin-resolved PDOSs are also shown in the absence and the presence of an applied E-field. Similar to the perfect hBN cases, the applied E-field shifts the hBN states up or down relative to CNT states, depending on the field directions. In Fig. 3(a) for V B , we found that the Fermi level, E F , is located just below the VBM of the CNT, which overlaps with that of the hBN. It means that the CNT becomes weakly hole-doped by the presence of V B . In addition, there exist two localized empty states originating from V B just above E F , which exhibit two interesting behaviors. One is that, in response to the E-field, they move in the opposite direction of the other hBN states, i.e., up (down) in energy with the positive (negative) E-field along the z-direction. The other is that these localized states, which are almost completely degenerate at an Efield value of +0.2 V/Å, become split into two separate states at a value of −0.2 V/Å. These interesting behav- iors are accounted for as following. Were it not for the CNT, V B would possess its three-fold symmetry with its three equivalent unsaturated N atoms. In the presence of the CNT, however, the interaction with the CNT, which is very weak, but not negligible, provides a small perturbation breaking its three-fold symmetry lifting its degeneracy. As displayed in PDOSs of Fig. 3(a) , such perturbation becomes weaker and stronger at E-field values of +0.2 V/Å (top) and −0.2 V/Å (bottom), respectively, than at no E-field (middle) implying that the positive (negative) E-field tends to weaken (strengthen) the interaction between the hBN and the CNT. Because of the enhanced electronic coupling between the CNT and hBN via the boron monovacancy at the negative E-field, unwanted electrical conduction may occur through the hBN sheet. We also observed that the charge distribution near E F over the hBN is slightly modified and redistributed by the E-field change. The charge redistibution affects the localized states described above, and thus which are shifted up or down by the E-field change.
For the V N case, in contrast, it was found that the Fermi level is aligned to the CBM of the CNT, which indicates that the CNT becomes weakly electron-doped. Moreover, a very small localized peak from the vacancy appears near E F as shown in Fig. 3(b) . This localized state is much less sensitive to the direction of the applied E-field compared with the case of V B . In both V B and V N cases, those localized states may result in an electronic back scattering on the CNT surface, since they are located near the VBM or the CBM of the CNT.
For the case of V B3N in Fig. 3(c) , the Fermi level is located in the middle of the gap between the VBM and the CBM of the CNT, and no charge transfer takes place between the CNT and the hBN sheet. As shown in the PDOSs, all of the hBN states including defect states originating from the vacancy are located far from E F , regardless of the E-field applied. Creating a V B3N vacancy generates six N atoms surrounding the vacancy, each of which has revealed a dangling bonds due to the reduction of its coordination number from 3 to 2. However, these unsaturated bonds get all re-bonded by the edge reconstruction resulting in no dangling bond. This is the reason that no defect state occurs near E F of the system with V B3N . This implies that the presence of such V B3N vacancies in hBN substrate may not influence the electronic behaviors of CNT devices. In both V B and V N cases, in contrast, there still remain unsaturated dangling bonds at the N and B edge atoms enclosing the respective vacancies corresponding to the defect states near E F mentioned above.
More interestingly, magnetic properties give rise to the spin magnetic moments calculated to be µ = 1.57 µ B and µ = 0 for V B and V N , respectively. It was found that the magnetic moments have been changed from those of their counterparts without the CNT, which are both µ = 1.00 µ B 44 meaning that there is apparently one unpaired electron at their respective vacant sites. The results are in agreement with our Bader charge analysis, 45 although it does not give an accurate amount of charge transfer. ∆q is defined by the amount of charge transfer to the hBN sheet from the CNT, and calculated to be 0.49 e and −0.73 e for V B and V N , respectively, where e = −|e|(< 0) is an electronic charge. Roughly speaking, the charge of ∼0.5 e transferred from the CNT increases the spin magnetic moment for V B , and the electron donation of ∼1 e to the CNT removes the spin magnetic moment for V N .
We also explored the dependence of magnetic moment on the applied E-field. For V B , the magnetic moment increases (decreases) by 0.18 µ B (0.31 µ B ) to be µ = 1.75 µ B (µ = 1.26 µ B ) from µ = 1.57 µ B at an E-field value of 0.2 V/Å applied along the +z (−z) direction. This E-field dependence is also associated with ∆q, which were calculated to be ∼0.2 e more (∼0.3 e less) at an E-field value of +0.2 V/Å (−0.2 V/Å) with respect to the case with no E-field applied. For V N , which exhibits zero magnetic moment without the applied Efield, we observed a revival of magnetic moment, i.e., µ = 0.80 µ B , at an E-field value of +0.2 V/Å, implying that 0.8 unpaired electrons have returned to the hBN. This is consistent quite well with ∆q = −0.25 e. At an E-field value of −0.2 V/Å, its magnetic moment is still zero keeping a complete cancellation of one unpaired electron well matching our calculated ∆q, which is closed to one. All values of the magnetic moments are listed in Table I . Note that V B3N remains its nonmagnetic characteristic, regardless of the E-field applied as well as of the presence of CNT. Finally, we added a Ni impurity to each of the three systems with respective vacancies V B , V N , and V B3N , described above. Unlike in those systems without a Ni impurity considered above, where the CNT is located directly above each vacant site as shown in Fig. 3 , the Ni adatom prefers to sit above the center of each vacant site, and thus prevents the CNT from being placed above the vacant site, The equilibrium configuration of each system is similar to that shown in Fig. 1(d) . Fig. 4 shows the spin-resolved PDOSs of these three systems obtained at three different E-field values, +0.2, 0.0, and −0.2 V/Å. Their hBN states are shifted down (up) in energy under the positive (negative) E-field, which is the same as seen in Fig. 2 and Fig. 3 . The VBM and CBM of the hBN are located far from E F for all the cases, but defect states are produced by the Ni impurity as well as the vacancy. Especially for the system with the Ni impurity on V B , it was observed in Fig. 4(a) that some of these defect states are pinned at E F , and the states from the Ni atom (represented by a red dashed line) are quite strongly hybridized with those from the boron monovacancy (by a blue solid line) in a wide energy range in the valence band. As mentioned earlier, the residual scattering in the CNT-based device may be given rise to by the PDOS peak near E F formed by strong orbital hybridization between the Ni adatom, the CNT and the hBN sheet. For the one with Ni+V N or Ni+V B3N , on the other hand, its electronic structure and its response to the E-field appear to be similar to the counterpart system without a Ni impurity except for the states from the Ni impurity mainly existing relatively deep inside the valence band. It turns out in these two cases that the coupling strength between the Ni impurity and the N or B 3 N vacancy is relatively small, compared with that in the Ni+V B case.
We found that the Ni adatom takes part in determining the magnetic properties of the systems. For V B , the Ni adatom reduces the magnetic moment exactly to 1 µ B from 1.57 µ B . This can be also explained by our Bader charge analysis, which reveals that there is almost no charge transfer to the CNT, but only between the hBN with V B and the Ni adatom. Those electrons participating in this charge transfer remain as unpaired electrons at respective parts keeping µ = 1 µ B . Moreover, its magnetic moment does not respond to the E-field. Such an intriguing magnetic behavior is displayed in the defect states pinned at E F shown in Fig. 4(a) . On the other hand, the Ni atdatom converts V N to be magnetic with the magnetic moment of 0.11 µ B at zero E-field, while maintaining it nonmagnetic at |E| = −0.2 V/Å. According to our Bader charge analysis, for Ni+V N , more electrons are donated to the CNT than for V N , meaning a complete removal of unpaired electrons from the hBN, but as an exception, at zero E-field, a small amount of electrons is transferred to the hBN from the Ni adatom to make the system weakly magnetic. We also observed that the Ni adatom decreases the magnetic moment to 0.54 µ B from 0.80 µ B at an E-field value of +0.2 V/Å. The charge transfer from the hBN to CNT is calculated to be 0.49 e, which is ∼0.24 e more than that of the system without Ni adatom. All magnetic moment values are summarized in Table I . V B3N remains nonmagnetic, regardless of the existence of Ni impurity as well as E-field.
IV. CONCLUSIONS
In summary, we have studied the effects of an external E-field and a metal impurity on the electronic properties of CNTs on the hBN sheet with and without vacancy defects. For each case, we obtained its electronic structures such as the band structure, projected density of states and local potential. We found that the electronic energy bands of the hBN sheet are shifted in response to the applied E-field, regardless of whether the hBN is perfect or defective with a vacancy, and whether there is a metal impurity or not. However, the shifted electronic states in the valence and conduction bands of the perfect hBN are located still far from E F under the field strength considered, suggesting that the hBN sheet can be considered as a suitable substrate material for CNT-based singlegate FETs, regardless of the existence of a metal impu-rity and/or a B 3 N vacancy. However, hBN substrates with monovacancies and a metal impurity could exhibit poor performance since the imperfections impair electrical conductivity due to residual scattering when strong top-gate voltage is applied in dual-gate FETs. Our theoretical results are in good agreement with an experimental report that the in-gap states may induce to facilitate residual scattering.
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